APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Oct. 1985,p. 851-858
0099-2240/85/100851-08$02.00/0

Copyright © 1985, American Society for Microbiology

Streptococcus cremoris M12R Transconjugants Carrying the
Conjugal Plasmid pTR2030 Are Insensitive to Attack by
Lytic Bacteriophagest

LARRY R. STEENSON anp TODD R. KLAENHAMMER*
Department of Food Science, North Carolina State University, Raleigh, North Carolina 27695-7624

Received 4 April 1985/Accepted 2 July 1985

Conjugal transfer of lactose-fermenting ability (Lac™), nisin resistance (Nis"), and phage resistance (Hsp*)
was demonstrated in matings between Streptococcus lactis ME2 (donor) and Streptococcus cremoris Md3a
(recipient), a derivative of M12R. Transconjugants were detected by transfer of Lac* and were found to exhibit
Nis" and harbor a 40-megadalton plasmid (pTR1040). Fifty-six percent of Lac* transconjugants were resistant
to the S. cremoris M12R lytic phage. Efficiency of plaquing for phage m12r - M12 on a phage-resistant
transconjugant, T2r-M43a, was <4.3 x 107!°, Five additional phages which were virulent for S. cremoris
M12R and isolated from industrial sources failed to plaque on S. cremoris T2r-M43a. Mating experiments with
T2r-M43a revealed that phage resistance was accompanied by high-frequency conjugation ability (Tra*) and
the appearance of both pTR1040 and pTR2030 encoding Lac* Nis* and Tra* Hsp*, respectively, in
transconjugants of S. lactis LM2302. Phage-sensitive Lac* transconjugants of S. cremoris Md43a (T2s-M43a)
showed no conjugal ability. These observations confirmed that pTR2030 was present and responsible for the
phage resistance and conjugal ability exhibited by the S. cremoris transconjugant T2r-M43a. Unlike the S.
lactis LM2302 transconjugant carrying pTR2030, resistance of T2r-M43a to phage was not affected at high
temperatures (35 to 40°C) or destablized in repeated transfers through a starter culture activity test. These
results demonstrated that phage resistance conferred by pTR2030 in the S. cremoris transconjugant was
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effective against industrially significant phages under fermentation conditions normally encountered during

cheese manufacture.

The majority of lactic streptococci used as starter cultures
in dairy fermentations are highly susceptible to attack by
lytic bacteriophage. Consequently, the nonaseptic nature of
the milk fermentation and the ubiquity of phages in the dairy
environment result in recurrent starter culture failures due to
bacteriophage attack (5). In recent years, mechanisms of
phage resistance carried by select lactic streptococci have
been detected and, in some cases, found to be encoded by
plasmid DNA elements. Specific examples include restric-
tion and modification systems (2, 19), suppression of phage
adsorption (3, 20), and other undetermined, yet powerful,
mechanisms of phage resistance (13, 21). Identification of
phage resistance mechanisms encoded by plasmid DNA
elements provides exciting opportunities to isolate and dis-
seminate the responsible genetic determinants to phage-
sensitive lactic streptococci. Conjugation was used success-
fully by McKay and Baldwin (13) to transfer a plasmid
(pNP40) encoding phage and nisin resistance from Strepto-
coccus lactis subsp. diacetylactis DRC3 to a plasmid-cured
derivative of S. lactis C2, LMO0230. Virulent phage showed
no ability to plaque on the resistant S. lactis LM0230 trans-
conjugants when challenged at 32°C. Chopin et al. (2)
conjugally transferred restriction and modification activities
encoded on a 28-megadalton (MDa) plasmid (pIL6) from S.
lactis 1594 to a plasmid-cured derivative of IL594 deficient
in restriction and modification activities. Recent studies in
our laboratory have demonstrated that conjugal matings
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between S. lactis ME2 and LMO0230 can also yield phage-
resistant transconjugants (8). Resistance was manifested by
a reduction in the burst size and plaque size of infecting
phage without affecting the efficiency of plaquing (EOP),
which remained at 1.0. Genetic determinants for phage
resistance in the transconjugants were associated with a
30-MDa plasmid (pTR2030) which also conferred conjugal
transfer ability at high frequency (Tra*).

These studies indicate that conjugal transfer of phage
resistance determinants to phage-sensitive lactic strepto-
cocci will be a forthcoming strategy for starter culture
development. However, in the studies of McKay and Bald-
win (13) and Klaenhammer and Sanozky (8), the phage
resistance acquired was inoperative when the transconju-
gants were propagated at elevated temperatures (37 to 40°C).
Since these temperatures are routinely encountered in
cheesemaking (10), the phage defense mechanisms identified
in the S. lactis LM0230 transconjugants (8, 13) would not
effectively protect starter cultures from phage attack
throughout the fermentation process. However, it was not
determined whether the heat-sensitive phage resistance
(Hsp*) carried by pTR2030 would express similar levels of
resistance and retain its sensitivity to heat when introduced
into other lactic streptococcal strains susceptible to different
phages. The objective of this investigation was to introduce
the conjugal plasmid pTR2030 into a strain of Streptococcus
cremoris and examine (i) phage resistance in the S. cremoris
transconjugants and (ii) stability of the transconjugants to
phage challenge in starter culture activity tests conducted
with 40°C incubations. After matings with S. lactis ME2, S.
cremoris M12R transconjugants harboring pTR2030 were
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TABLE 1. Bacterial strains, plasmids, and phages
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Homologous

Strain Phenotype?® phage Description Reference
S. lactis ME2 Lac* Nis" Hsp* Conjugal donor of pTR1040 (Lac* Nis") and 20
pTR2030 (Hsp* Tra™)
S. cremoris M12R Lac* Prt* Nis® ml2r-M12 Wild type This study
S. cremoris M12 Lac* Prt* Nis® ml2r-M12 Single-colony isolate of M12R This study
S. cremoris M43 Lac* Prt~ Nis® mi2r-M12 Single-colony isolate of M12R This study
S. cremoris M43a Lac™ Prt~ Nis® Str* ml2r-M12 Derivative of M43 This study
S. lactis 11454 nisin producer ATCC?
S. lactis LM0230 Lac™ Nis® Hsp~ Str" c2 Plasmid-cured strain of S. lactis C2 15
S. lactis LM2302 Lac™ Nis® Hsp~ Str* Ery" c2 Plasmid-cured strain of §. lactis C2 24
S. cremoris Lac™* Nis' Prt~ Tra* resistant Transconjugant from mating between ME2 This study
T2r-M43a to m12r-M12 X M43a, harboring pTR1040 and pTR2030
S. cremoris Lac* Nis" Prt™ Tra™ sensitive ml2r-M12 Transconjugant from mating between ME2 This study
T2s-M43a to m12r-M12 x M43a, harboring pTR1040
S. lactis T-LS1 Lac* Hsp* c2 Transconjugant from mating between This study
‘ T2r-M43a x LM2302, harboring pTR1040
and pTR2030
S. lactis T-LS2 Lac™* Hsp~ c2 Transconjugant from mating between This study
T2r-M43a x LM2302, harboring pTR1040
S. lactis T-RS17 Lac* Nis" Hsp* c2 Transconjugant from mating between ME2 8

E. coli V517

x LMO0230, harboring pTR1040, pTR2030,
pTR3025, and pTR4002

Source of reference plasmids; 32, 5.2, 3.5, 11
3.0,2.2,1.7, 1.5, and 1.2 MDa

2 Phenotype abbreviations: Lac*, lactose fermenting; Lac™, lactose negative; Prt*, proteinase positive; Prt~, proteinase negative; Nis", nisin resistant; Nis®,
nisin susceptible; Hsp*, heat-sensitive phage resistance; Hsp~, phage susceptible; Str*, streptomycin resistant (1,000 ug/ml); Ery", erythromycin resistant (15

pg/mi).
b ATCC, American Type Culture Collection.

resistant to phage attack in plaque assays and starter culture
activity tests.

MATERIALS AND METHODS

Bacteria, phages, and culture conditions. Bacterial strains
and phages used in this study are shown in Table 1. Cultures
were maintained as frozen stocks at —20°C in the appropriate
growth medium plus 10% glycerol. Group N streptococci and
their phages were propagated in M17 broth at 30°C as
described previously (23). Lactose (0.5%) and glucose (0.5%)
were used as carbohydrate supplements for lactose-
fermenting (Lac*) and non-lactose-fermenting (Lac™) cul-
tures, respectively. Escherichia coli strains were propagated
in brain heart infusion broth (BBL Microbiology Systems
Cockeysville, Md.) at 37°C.

Isolation of Lac™ Str" variants of S. cremoris M12R. For
use as conjugation recipients, Lac™ variants of S. cremoris
M12R were isolated on lactose-indicator agar (15) after 24 h
of growth in M17-glucose broth containing 2 ug of ethidium
bromide per ml. A Lac™ variant of M43 was purified by
single-colony isolation on lactose-indicator agar and propa-
gated through broth, and 0.1 ml was spread over the surface
of M17-glucose agar plates containing 250, 500, and 1,000 pg
of streptomycin sulfate (Sigma Chemical Co., St. Louis,
Mo.) per ml. After 24 to 48 h at 30°C, single colonies
appearing on plates with the highest concentration of strep-
tomycin were picked and streaked onto M17-glucose agar
containing 1,000 ug of streptomycin per ml. One streptomy-
cin-resistant (Str) variant was selected in this manner and
designated M43a. The identity of the Lac™ Str" variant was
confirmed by plasmid composition and susceptibility to the
S. cremoris M12R lytic phage (ml12r - M12). S. cremoris
M43a was maintained in M17-glucose broth containing 1,000

wng of streptomycin per ml but was propagated once in the
absence of streptomycin before use in conjugation experi-
ments.

Conjugation. Conjugal matings were performed by using
agar-surface matings as described by McKay et al. (14).
Transconjugants were scored by selection of Lac™ colonies
on lactose-indicator agar (15) containing either 1,000 pg of
streptomycin per ml for . cremoris M43a recipients or 1,000
pg of streptomycin per ml plus 15 ug of erythromycin per ml
for S. lactis LM2302 recipients. Lac* transconjugants result-
ing from matings between S. lactis ME2 and the S. cremoris
Ma43a recipient were purified and confirmed as S. cremoris
M43a derivatives by growth in Reddy broth (17) and plasmid
analysis.

Nisin resistance. Nisin resistance of S. cremoris recipients
and transconjugants was determined subjectively by using
culture supernatants from the nisin-producing strain, S.
lactis 11454. Supernatant from an overnight culture of .
lactis 11454 in M17-lactose broth was filter sterilized
(Acrodisc, 0.45 pm; Gelman Sciences Inc., Ann Arbor,
Mich.) and diluted 10-fold in fresh M17 broth. Nisin activity
was confirmed by spotting 5 wl of the preparation onto cell
lawns of known nisin-resistant (S. lactis ME2) and nisin-
susceptible (S. lactis LM0230) indicators (8, 13). Test culture
lawns were then spotted with 5 pl of active nisin and
examined for zones of inhibition after overnight incubation
at 30°C. Cell lawns were prepared exactly as described for
bacteriophage plaque assays (23). '

Bacteriophage assays. The extent of phage activity on
parents, recipients, and transconjugants was determined in
M17 broth and by plaque assays on M17 agar as described by
Terzaghi and Sandine (23). Levels of phage adsorption and
EOP were determined as described previously (18, 19).

Phages virulent to S. cremoris M12R isolated from six



VoL. 50, 1985

PHAGE RESISTANCE PLASMID IN S. CREMORIS 853

TABLE 2. Conjugal transfer of Lac*, Nis', and Hsp™* to S. cremoris M43a

Mating pair® Lac* Strf recombinants?
Donor Recipient No./ml Frequency/donor % Nis' % Hsp*

S. lactis ME2 S. cremoris M43a 19,010 1.1 x 10~* 100¢ 574
S. lactis ME2 Cell-free filtrate from M43a 0 <5.9 x 10~°
Cell-free filtrate from ME2 S. cremoris M43a 2 NA NA NA
ME?2 plus DNAase® S. cremoris M43a 15,000 8.8 x 1077 ND ND
S. lactis ME2 0 <59 x 10~°

S. cremoris M43a 0 <5.9 x 107°

@ Donor cells were 1.7 x 10® CFU/ml.

b Recombinants were selected on lactose indicator agar containing 1,000 pg of streptomycin per ml. NA, Not applicable; spontaneous Str" mutants of donor.

ND, Not determined.
¢ Ten recombinants were examined for resistance to nisin.

4 Fifty recombinants were examined for resistance to m12r-M12 phage in broth lysis experiments.

¢ Mating performed in the presence of 100 pg of DNAase I per ml.
f Estimated numbers.

cheese plants were examined for host ranges by spotting 5 .l
of purified phage suspension in M17 broth on lawns of
bacterial cells (23). Thirty different lactic streptococcal
strains were tested with each phage.

Starter culture activity test. The starter culture activity test
was a modification of that described by Heap and Lawrence
(4). Cultures were prepared by overnight incubation at 30°C
in 11% reconstituted skim milk (steamed for 1 h) or in 11%
reconstituted skim milk containing 0.25% Casamino Acids
(Difco Laboratories, Detroit, Mich.) for growth of protein-
ase-negative strains. The phage suspension (200 pl, ~108
PFU/ml) was mixed with 200 pl of milk culture and incu-
bated at room temperature for 10 min to allow adsorption of
phage. Reconstituted skim milk (9.6 ml) containing 40 pg of
bromocresol purple (Sigma) per ml was added, and the tubes
were sequentially incubated for 3 h at 30°C, 3 h and 10 min
at 40°C, and 2 h and 30 min at 30°C. After the incubation,
milk samples were examined for pH and phage titer. Con-
secutive starter culture activity tests were conducted with
ml2r - M12 phage to determine whether virulent phage
could be generated which was active against the S. cremoris
T2r-M43a transconjugant. Repeated cycles of the activity

test were conducted as above except that 100 wl of -

ml2r - M12 phage suspension (~10% PFU/ml; prepared in
M17 broth) and 100 ul of whey collected from the previous
activity test were mixed with 200 ul of cells before milk
inoculation.

Plasmid isolation. Plasmid DNA was isolated from lactic
streptococcal strains by the method of Klaenhammer (6)
with the modifications described by Sanders and Klaenham-
mer (20). For large-scale isolation of plasmid DNA, the
method of Anderson and McKay (1) was used with the
following modifications. Cell suspensions were not vortexed
after lysis of cells. NaOH (3.0 N) was added to the lysate
until a pH of 11.8 to 12.3 was achieved (approximately 2.0
ml). After the addition of phenol, 55 ml of chloroform was
added to each bottle, and centrifugation was performed at
10,400 X g for 30 min. After a second extraction with
chloroform-isoamyl alcohol, the bottles were centrifuged at
10,400 x g for 10 min to facilitate phase separation. Plasmid
DNA was precipitated with 2 volumes of 95% ethanol by
overnight incubation at —20°C. Plasmid DNA was purified
through cesium chloride-ethidium bromide density gradients
as described by Klaenhammer et al. (7). To isolate plasmid
DNA from E. coli strains, a cleared lysate procedure (7) was
used followed by purification through cesium chloride-
ethidium bromide density gradients.

Electrophoresis was conducted on 0.65% horizontal

agarose gels (SeaKem ME agarose; FMC Corp., Rockland,
Maine) in Tris-acetate buffer (40 mM Tris, 12 mM sodium
acetate, 1 mM Na,EDTA; pH was adjusted to 7.8 with
glacial acetic acid). Samples of 5 to 20 pl were mixed with
agarose beads (22) equal to one-half the sample volume
before loading onto the gels. Gels were electrophoresed at 50
Vford4to5hor75V for1.75to 2 h.

Restriction enzyme analysis. Restriction endonucleases
were obtained from Bethesda Research Laboratories, Inc.,
Gaithersburg, Md. Restriction digestions were performed by
the method of Maniatis et al. (12). Separation of DNA
restriction fragments was accomplished on 0.8% agarose
gels. Fragments generated by HindIIl and EcoRI digestions
of bacteriophage Lambda DNA (Bethesda Research Labo-
ratories, Inc., Gaithersburg, Md.) served as molecular
weight standards.

RESULTS

Conjugation. Matings on milk-glucose agar plates between
the donor, S. lactis ME2 (Lac* Nis" Hsp* Str%), and the
recipient, S. cremoris M43a (Lac™ Nis® Hsp~ Str"), resulted
in the transfer of Lac* in a conjugation-like process (Table
2). Control experiments ruled out transduction and transfor-
mation as possible mechanisms of genetic transfer. Whereas
S. cremoris M43a was susceptible to nisin, all Lac* trans-
conjugants examined exhibited nisin resistance. These ob-
servations were consistent with linkage of Lac* and Nis" to
a single 40-MDa plasmid, pTR1040, in S. lactis ME2 and
concurrent transfer of these phenotypes to S. lactis LM0230
8).

Characterization of phage-resistant transconjugants. S.
cremoris Lac* transconjugants were further examined for
resistance to virulent phage ml2r - M12. In experiments
conducted in broth, 57% of the M43a Lac* transconjugants
failed to lyse when challenged with phage (Table 2). Typical
results comparing the effect of phage on S. cremoris M43a
and a Lac*, phage-resistant transconjugant, T2r-M43a, are
shown in Fig. 1. Further characterization revealed that
m12r - M12 phage failed to produce plaques on S. cremoris
T2r-M43a in plaque assays conducted at 30°C with high-titer
phage preparations (Table 3). The EOP on T2r-M43a was
less than 4.3 x 1071°. When plaque assays were conducted
at 36°C, or when the cells were heat shocked at 40°C for 1 h
before plaque assays, T2r-M43a retained its resistance to
ml2r - M12 phage, displaying no plaque formation (data not
shown). In contrast, m12r - M12 phage was fully active on S.
cremoris M43a and on a Lac* Nis" transconjugant which was
phage susceptible (T2s-M43a). Resistance by S. cremoris
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FIG. 1. Growth of S. cremoris M43a and the Lac* transconju-

gant T2r-M43a in the presence (O; 107 PFU/ml) and absence (®) of
m12r - M12 phage. Optical density was determined at 590 nm.

T2r-M43a to phage was not due to reduced adsorption of the
phage. Both the phage-susceptible strain M43a and its ph-
age-resistant transconjugant, T2r-M43a, showed adsorption
levels of 98 to 99% for phage m12r - M12 (Table 3).
Plasmid analysis. The plasmid compositions of the conju-
gation recipient S. cremoris M43a, four phage-resistant Lac™*
transconjugants, including T2r-M43a, and five phage-
sensitive Lac* transconjugants are shown in Fig. 2. The
acquisition of pTR1040 was apparent in all Lac* transcon-
jugants. Acquisition of pTR2030 by phage-resistant trans-
conjugants could not be observed due to a resident plasmid
of 30 MDa in M43a. When the plasmid profiles of phage-
resistant transconjugants were initially analyzed, it was
noted that there were alterations in the compositions of small
plasmids (<10 MDa) which could not be attributed directly
to acquisition of plasmid DNA from ME2. Apparently,
recombination events led to the appearance of different
plasmids in this size range. Whether these events were
triggered by conjugation with ME2 is not known. However,
it seemed possible that the acquired phage resistance in the
transconjugants was due to this phenomenon. To address
this possibility, five phage-susceptible Lac* transconjugants
were examined for plasmid DNA profiles, which were com-
pared with the plasmid profiles of four phage-resistant trans-
conjugants (Fig. 2). The phage-susceptible transconjugants
also demonstrated alterations among the plasmids in this size
range, suggesting that the recombination events transpired
independently of the acquisition of phage resistance.
High-frequency conjugation. Expression of phage resist-
ance by T2r-M43a suggested acquisition of pTR2030 or
phage resistance determinants carried by pTR2030. Since
pTR2030 also carries Tra* determinants (8), T2r-M43a was
examined for high-frequency conjugation ability by mating
with S. lactis LM2302, a Lac™ Hsp~ Str" Ery" plasmidless
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43a transconjugants

Q’

FIG. 2. Plasmid profiles of Lac* transconjugants resulting from
S. lactis ME2 X S. cremoris M43a conjugal matings. V517, E. coli
plasmid mobility standards. ¢7, phage-resistant Lac* transconju-
gants; ¢°, phage-susceptible Lac* transconjugants. pTR1040 was
not visible in the S. lactis ME2 profile (see reference 8).

derivative of S. lactis C2. Lac* was transferred at a fre-
quency of 2.6 x 1072 per donor cell (Table 4). Of 30
transconjugants examined from this cross, 67% displayed
the Hsp® phenotype when challenged with c2 phage as
described by Klaenhammer and Sanozky (8). When the
parent, M43 (Lac*), or a Lac* phage-susceptible transcon-
jugant, T2s-M43a, was mated with LM2302, no transconju-
gants were generated (Table 4). Examination of Lac* Hsp™*
LM2302 transconjugants revealed that two plasmids of 40
and 30 MDa were transferred from T2r-M43a to LM2302
(Fig. 3). Correlation of Lac* to the 40-MDa plasmid and
Hsp™® to the 30-MDa plasmid was demonstrated in curing
studies with S. lactis T-LS1 (data not shown). These results
demonstrated that only phage-resistant transconjugants
were capable of high-frequency conjugal transfer of Lac®,
although the 40-MDa Lac® plasmid was harbored by all
transconjugants. A 30-MDa plasmid was transferred from
T2r-M43a which conferred the Hsp* phenotype to LM2302
transconjugants. These data suggest that pTR2030 was pre-
sent and responsible for phage resistance in T2r-M43a.
However, the level of expression of phage resistance in
T2r-M43a was much greater than in LM2302 transconjugants
carrying the 30-MDa plasmid.

Restriction endonuclease comparison of plasmids. After
matings between S. cremoris T2r-M43a and LM2302, the

TABLE 3. Responses of transconjugant T2r-M43a and parent M43a to challenge with m12r-M12

Phage adsorption

. Phage titer
Strain (PFU/ml) EOP Initial titer Residual titer ” .
(PFU/ml) (PFU/ml) % Adsorption
S. cremoris M43a 2.3 x 10'° 1.0 1.3 x 107 7.8 x 10* 99.4
S. cremoris T2r-M43a® <10 <4.3 x 10710 1.3 x 107 2.6 x 10° 98.0
S. cremoris T2s-M43a® 2.5 x 10 1.1 ND* ND ND

“ Phage-resistant Lac* transconjugant resulting from mating of ME2 and M43a.
® Phage-susceptible Lac* transconjugant resulting from mating of ME2 and M43a.

¢ ND, Not determined.
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TABLE 4. High-frequency conjugation of Lac* and phage
resistance from S. cremoris Lac* transconjugants

Lac* Str" Ery" recombinants®

Mating pair donor®

No./ml  Frequency/donor % Phage resistant®
S. cremoris T2r-M43a? 1.7 x 105 2.6 x 1072 67¢
S. cremoris T2s-M43a" 0 <5.2x10°% 0
S. cremoris M43# 0 <6.8 x 107° 0

@ Recipients for all strains were S. lactis LM2302.

& Recombinants were selected on lactose indicator agar containing 1,000 g
of streptomycin per ml and 15 pg of erythromycin per ml.

< Hsp* recombinants were detected in plaque assays.

4 Donor population was 6.3 X 10’ CFU/ml.

¢ Thirty recombinants were examined.

/ Donor population was 1.9 x 10’ CFU/ml.

2 Donor population was 1.5 x 108 CFU/ml.

30-MDa plasmid appearing in Hsp* transconjugants of
LM2302 was digested with EcoRI and Haelll and compared
to restriction enzyme digests of pTR2030. Figure 4 shows
that the fragment patterns generated were identical. These
data demonstrate that the 30-MDa plasmid conjugally trans-
ferred from T2r-M43a to LM2302 was, in fact, pTR2030.
Therefore, this plasmid had not incurred detectable genetic
alterations during its introduction into, residence in, or
transfer out of S. cremoris T2r-M43a. Similarly, EcoRI and
HindIII digests of pTR1040 and the 40-MDa Lac* Nis’

FIG. 3. Appearance of 40- and 30-MDa plasmids in S. cremoris
T2r-M43a X S. lactis LM2302 transconjugants. T2r-M43a is a
phage-resistant Lac* transconjugant resulting from the S. lactis
ME2 X S. cremoris M43a conjugal mating. TLS1 is a Lac* Hsp*
transconjugant resulting from the T2r-M43a x LM2302 conjugal
mating. TRS17 is a Lac* Hsp* transconjugant resulting from the
ME2 x S. lactis LM0230 conjugal mating. V517, E. coli plasmid
mobility standards. pTR1040 was not visible in the S. lactis ME2
profile (see reference 8).
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plasmid transferred from T2r-M43a to LM2302 were identi-
cal (Fig. 4).

Starter culture activity tests. A starter culture activity test
was performed to compare the abilities of phage-resistant
and phage-susceptible transconjugants from S. lactis
LM2302 and S. cremoris M43a to withstand challenge by
virulent phage under simulated cheesemaking conditions
(Table 5). Both the S. lactis LM2302 transconjugants T-LS1
and T-LS2 failed to produce acid during activity tests
conducted in the presence of c2 phage. Although a small
reduction in the final c2 phage population was observed for
T-LS1 over T-LS2 at the end of the activity test, the
presence of pTR2030 and the Hsp* character expressed by
T-LS1 did not protect this strain from phage-induced inhibi-
tion of acid development. Similarly, both S. cremoris M43
and the Lac™, phage-susceptible transconjugant T2s-M43a
were susceptible to their virulent phage m12r - M12, and,
therefore, acid development was inhibited in the presence of
phage. In contrast, phage m12r - M12 failed to replicate on
S. cremoris T2r-M43a and did not inhibit acid development
during the starter culture activity test. Virulent phage also
failed to develop toward S. cremoris T2r-M43a when this
transconjugant was subjected to five successive cycles of the
starter culture activity test in the combined presence of
phage ml2r- M12 and whey resulting from the previous
cycles of the test.

Resistance of T2r-M43a to different S. cremoris M12R lytic
phages. Examination of purified phages isolated from six
different cheese plants revealed that they had slightly dif-
ferent host ranges (Table 6). These phages were used to
challenge T2r-M43a in plaque assays (Table 7). All resulted
in high titers when plaqued on the homologous host, S.
cremoris M12. However, none of these phages produced
plaques on S. cremoris T2r-M43a. These data demonstrate

A-Hindlll

Hindll!

a: pTR2030*

c: pTR1040*

b: pTR2030 d: pTR1040

FIG. 4. Comparisons of restriction enzyme digest patterns of the
30- and 40-MDa plasmids transferred from T2r-M43a to LM2302
with pTR2030 and pTR1040, respectively. The 30-MDa plasmid
(pTR2030*) and pTR2030 were digested with Haelll and HindIII.
The 40-MDa plasmid (pTR1040*) and pTR1040 were digested with
EcoRI and Hindlll. Lambda DNA digested with EcoRI (fragment
sizes of 14, 4.9, 3.8, 3.7, 3.2, and 2.3 MDa) and HindIII (fragment
sizes of 15.3, 6.2, 4.3, 2.9, 1.5, and 1.3 MDa) served as mobility
standards.
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TABLE 5. Acid production by Lac™* transconjugants during starter culture activity tests in the presence of virulent bacteriophage

Phage titer (PFU/ml)

Phage added, strain Description Final pH*
Initial Final
c2
S. lactis TLS1 Lac* Hsp™ transconjugant of T2r-M43a x LM2302 b — 5.45
1.4 x 10® 1.3 x 10° 6.45
S. lactis TLS2 Lac* Hsp~ transconjugant of T2r-M43a x LM2302 — — 5.35
1.4 x 10° 5.9 x 10° 6.45
ml2r - M12
§. cremoris M43 Lac* Nis® Hsp™ parent of M43a — — 5.85
4.1 x 10° 5.2 x 10° 6.50
S. cremoris T2r-M43a Lac* Nis" phage-resistant transconjugant of ME2 X M43a — — 5.95
4.1 x 10°® 2.7 x 10° 5.95
S. cremoris T2s-M43a Lac* Nis" phage-susceptible transconjugant of ME2 x M43a — — 5.95
4.1 x 10¢ 5.6 x 10° 6.50

 Initial pH of milk, 6.6.
b __, Not applicable; no phage added.

that T2r-M43a displayed a high level of resistance to a group
of phages isolated in the field which were capable of attack-
ing the parent strain, S. cremoris M12R.

DISCUSSION

Correlation of phage resistance mechanisms with plasmid
DNA in lactic streptococci (2, 3, 13, 19, 20) encourages
attempts to transfer these mechanisms to phage-susceptible
starter cultures by using plasmid-transfer techniques such as
conjugation (14), transduction (16), and transformation (9).
Chopin et al. (2), McKay and Baldwin (13), and Klaenham-
mer and Sanozky (8) have used conjugal transfer mecha-
nisms to introduce phage resistance determinants into
strains of S. lactis.

In this study, lactose-fermenting ability was conjugally
transferred from S. lactis ME2 to S. cremoris M43a. The
Lac* transconjugants acquired a 40-MDa plasmid identical
to pTR1040 and exhibited resistance to nisin. These data
further confirmed the association of Lac™ and Nis™ with
pTR1040 in S. lactis ME2 (8), and demonstrated that conju-
gal transfer to S. cremoris M43a occurred in the absence of

TABLE 6. S. cremoris M12R phage host ranges”

Phage reaction

Strain

ml2r - M12 05 da br ot sgl
M12 + + + + + +
HP + + + + +¢ +
ML3 +b +e - - - -
C2 +° +¢ - - - -
K375-1R1 - +° - - - _
205 - + - - - -
M20CL1 +° +4 - +4 - +°
TDM1 +° + + + + +
others” - - - - - -

“ Phages were first propagated through M12R variant M12. Phage suspen-
sions were then spotted (5 pl) onto indicator lawns. Reactions: +, positive
reaction (clear zones 7 to 14 mm in diameter); —, negative reaction (no zone).

® Turbid zone.

< Few indistinct plaques.

4 Few distinct plaques.

¢ Turbid zone containing few indistinct plaques.

/ Twenty-two additional strains were examined.

detectable changes in either phenotypic or genetic charac-
teristics of this plasmid. Examination of the S. cremoris
Lac™ transconjugants revealed that approximately 50% of
the recombinants had become resistant to the virulent phage,
ml2r - M12. Although pTR2030 could not be observed di-
rectly in the transconjugants due to a resident 30-MDa
plasmid in M43a, two lines of evidence suggested that the
phage resistance exhibited by the Lac* transconjugant T2r-
M43a was imposed by the presence of pTR2030. First, the
Lac* phage-resistant transconjugant (T2r-M43a) demon-
strated high-frequency conjugation ability, indicating the
presence of Tra™ determinants associated with pTR2030; the
Lac™ phage-sensitive transconjugant (T2s-M43a) failed to
promote conjugal transfer. Secondly, the high-frequency
conjugal matings between T2r-M43a and S. lactis LM2302
resulted in a Lac* Hsp™ transconjugant (S. lactis T-LS1)
which carried a 30-MDa plasmid encoding Hsp* and Tra*.
Comparison of restriction enzyme digests between pTR2030
and the 30-MDa plasmid appearing in T-LS1 confirmed its
identity as pTR2030. We conclude from these data that the
presence of pTR2030 in S. cremoris T2r-M43a was respon-
sible for the phage resistance and high-frequency transfer
ability exhibited by this transconjugant.

In the S. cremoris phage-resistant transconjugant, T2r-
M43a, phage m12r - M12 failed to exhibit plaquing ability
(EOP < 4.3 x 10719, T2r-M43a continued to adsorb phage

TABLE 7. Plaque assays of virulent phages on S. cremoris M12
and the phage-resistant transconjugant S. cremoris T2r-M43a

Titer (PFU/ml)

Phage“ EOP on strain T2r-M43a“

M128 T2r-M43a
ml2r . M12 2.8 x 10 <10 <3.6 x 10710
05 3.8 x 10'° <10 <2.7 x 1071
da 4.6 x 10° <10 <2.2 x 107°
br 5.8 x 10° <10 <1.7 x 10~°
ot 1.9 x 10%° <10 <5.3 x 10710
sgl 3.2 x 10*° <10 <3.1 x 10710

“ Propagated through S. cremoris M12.
& EOP was 1.0 for all phages on S. cremoris M12.
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at a high efficiency, eliminating reduced phage adsorption as
a contributing factor in the resistance mechanism. Unlike the
complete resistance exhibited by S. cremoris T2r-M43a
toward phage m12r - M12, §. cremoris LM0230 transconju-
gant T-RS1 (8) and S. lactis LM2302 transconjugant T-LS1
harboring pTR2030 demonstrated a reduction in burst size
while allowing infection by phage c2 at unrestricted levels
(EOP = 1.0). Therefore, in the apparent absence of geno-
typic differences in pTR2030, phenotypic expression of
phage resistance in the S. lactis and S. cremoris transconju-
gants was remarkably different. These differences could be
accounted for by different levels of host-induced expression
of the phage-resistance determinants carried on pTR2030 or
could simply reflect the difference in the phage-host combi-
nations examined and the susceptibility of different phages
to the resistance mechanism conferred by pTR2030. These
possibilities are currently being investigated in our labora-
tory. In addition, it cannot be disregarded that minor or
temporary genetic alterations in pTR2030 occurred during its
introduction and residence in S. cremoris T2r-M43a, which
were not detected in the restriction enzyme analysis and
could account for the difference in phage resistance
expressed.

The starter culture activity test described by Heap and
Lawrence (4) establishes fermentation conditions encoun-
tered during cheesemaking under which the appearance and
action of virulent bacteriophage against dairy starter cultures
can be evaluated. When propagated through five cycles of
the activity test in the presence of phage ml2r - M12, S.
cremoris T2r-M43a was not affected, whereas the phage-
susceptible transconjugant T2s-M43a and T-LS1 were both
susceptible to phage within the first cycle of the activity test.
The susceptibility of T-LS1 to phage c2 in the test reflects
both the heat lability of this phage resistance mechanism and
the genetic instability of pTR2030 at 40°C (8). Similarly,
McKay and Baldwin (13) showed that transconjugants of S.
lactis LM0230 harboring the thermosensitive plasmid pNP40
became susceptible to phage when grown at 37°C and
gradually lost activity during propagation through repeated
cycles of the starter culture activity tests with periods of
incubation at 37°C. Consequently, little protection from
phage has been afforded S. lactis LM0230 transconjugants
harboring pTR2030 or pNP40 (13) when propagated in starter
culture activity tests. Phage resistance conferred by
pTR2030 effectively protected the S. cremoris transconju-
gant T2r-M43a from the appearance or action of lytic phage
in the activity test. S. cremoris M43a and its transconjugants
do not grow at 40°C. Therefore, under conditions in which
thermosensitive plasmids might be destabilized (8, 13) or
heat-sensitive phage defense mechanisms might be inacti-
vated (18, 21), S. cremoris T2r-M43a does not provide a
replicating host for phage proliferation.

Although S. cremoris T2r-M43a was unaffected by phage
ml2r - M12 in starter culture activity tests, the acid-
producing ability of the transconjugant in milk was poor. The
conjugal recipient, M43a, was deficient in proteinase activity
(unpublished data), and matings with S. lactis ME2 did not
restore proteolytic activity to the transconjugants. There-
fore, the phage-resistant transconjugants described here
would be of little industrial significance. Efforts to introduce
pTR2030 into Prt* conjugal recipients of S. cremoris have
been successful and will be presented in a subsequent report.

During this study, it was also of interest to determine
whether S. cremoris T2r-M43a was susceptible to phages
appearing in the field where its parent strain, §. cremoris
MI12R, was being used. Six phages with slight differences in
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host range showed no virulent activity against the phage
resistant transconjugant. It cannot be determined from these
data whether the phages examined were different or simply
the same phage with slightly altered host ranges. Neverthe-
less, from a practical standpoint, it is highly significant that
virulent phages appearing in commercial fermentations
against S. cremoris M12R were ineffective against the trans-
conjugant T2r-M43a harboring pTR2030. The mechanism of
phage resistance imposed by pTR2030, location of the re-
sponsible genetic determinants, and effectiveness against
different lactic streptococcal phages are under investigation.

In conclusion, our study has shown that conjugal matings
between S. lactis ME2 and a phage-susceptible strain of S.
cremoris yield transconjugants which harbor pTR2030 and
are resistant to virulent phage in plaque assays and starter
culture activity tests. Strategies for the conjugal dissemina-
tion of pTR2030 among lactic streptococci, particularly S.
cremoris strains, may prove useful in programs emphasizing
genetic development of phage-resistant starter cultures for
dairy fermentations.
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